In the present study, we examined the role in hematopoiesis of cationic amino acid transporter 1 (CAT1), which transports L-arginine, L-lysine, L-ornithine and Lhistidine. The expression level of human CAT1 (hCAT1) mRNA in mononuclear cells Hematopoetic stem cells obtained from human cord blood failed to develop into erythroid cells in the absence of L-arginine in the culture medium. These findings indicate that hCAT1 is involved in erythroid hematopoiesis through its role in importing L-arginine, which appears to be essential for the differentiation of red blood cells.
Introduction
Cytokines such as IL-3 and erythropoietin play an important role in the differentiation of hematopoietic stem cells 1, 2 . However, the roles of small molecules such as vitamins, nucleic acids and amino acids in cell differentiation have not been elucidated well, though it is likely that specific transporters are involved in importing such small hydrophilic molecules into the cells. The ABC transporter Bcrp1 (abcg2) is expressed mainly in hematopoetic stem cells 3 and more recently efflux transporter activities in murine haematopoetic stem cells (HSCs) were found to vary according to developmental and activation status 4 . Thiamine transporter Thtr-1 (slc19a2) gene knock-out mice showed abnormalities of erythroid, myeloid and megakaryocyte lineages in bone marrow when fed a thiamine-free diet 5 . The importance of CAT1
(cationic amino acid transporter)-mediated transport was recently underscored by the production of cat1 gene-knockout mice, which exhibit anemia 6 . These reports indicate that substrates of transporters expressed on hematopoietic stem cells are physiologically essential in differentiation or proliferation of the cells, or both, and the expression levels and activities of these transporters are likely to be regulated stage-and lineage-specifically.
Cationic amino acid transporter (CAT, slc7a), known as system y + , transports cationic amino acids, such as L-lysine, L-histidine, L-ornithine and L-arginine 7-9 .
System y + is a facilitative process that is Na + -independent and pH-insensitive. CAT1
(slc7a1), whose mouse orthologue was firstly identified as a virus receptor 10, 11 , is expressed ubiquitously, including fetal liver and bone marrow, though not adult liver 12 .
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Furthermore, CAT1 mRNA is induced in regenerating liver in a short-lived manner, and has multiple sites for regulation of gene expression, indicating that system y + is tightly regulated and essential for liver cells to enter mitosis 14, 15 . These findings suggest CAT1 could be involved in hematopoetic activity.
One of the substrates of CAT1, L-arginine, is a precursor of nitric oxide (NO) and polyamines. NO can induce apoptosis in megakaryocytes and platelet formation 16, 17 . L-Ornithine is produced by arginase and further metabolized to polyamines, which regulate the cell cycle 18 . Recently, low concentrations of L-glutamine were reported to induce functional differentiation of U937 myelomonocytic cells 19 These facts suggest that low-molecular-weight molecules such as amino acids may be involved in hematopoiesis, as well as large-molecular cytokines such as interleukin-3 and erythropoietin. In the present study, we investigated the effects of hCAT1 expression level and L-arginine on differentiation and proliferation of human cord blood cells and a cloned human erythroid model, K562 cells.
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Materials and Methods

Tissue culture
The erythroleukemic cell line K562 was obtained from the American Type Culture Collection (Rockville, MD). K562 cells were cultured at an initial density of 2 x 10 5 cells/mL in Dulbecco's modified Eagle's medium (DMEM) supplemented with 100 mL/L heat-inactivated fetal bovine serum (Invitrogen, Carlsbad, CA). To investigate the effect of cationic amino acids on cell proliferation and differentiation, DMEM containing or not containing either L-arginine, L-lysine or L-histidine was used.
The cells were maintained in a fully humidified air atmosphere containing 5% CO 2 at 37ºC.
Antibodies
Monoclonal antibodies against human glycophorin A were purchased from BD PharMingen (San Diego, CA, USA). Goat anti-mouse IgG-coated immunomagnetic beads (Dynabeads M450 goat anti-mouse IgG) were purchased from Dynal (Great Neck, NY, USA). Human CD34-positive cells were isolated using a CD34 Progenitor Selection System kit (Dynal). Fluorescein isothiocyanate (FITC)-conjugated antiglycophorin A, CD14, CD33, CD34, CD45 antibodies were purchased from Immunotech (Marseilles, France).
Isolation of hematopoetic cells
Umbilical cord blood was obtained from full-term deliveries after having obtained informed consent according to a protocol approved by the ethics committee of Nihon University School of Medicine. Cord blood was collected in bags containing heparin and processed within 24 hours. After separation over Ficoll Isopaque (1.077 g/mL), low-density mononuclear cells (MNC) from cord blood were washed and suspended in IMDM (Iscove's modified Dulbecco's medium). Cell sorting was performed by using the above antibodies and immunomagnetic beads. 
Results
Expression of hCAT1, CAT2 and CAT3 mRNA in human blood cells
The expression of hCAT1, hCAT2 and hCAT3 mRNAs was examined in nuclear cells isolated with the aid of antibodies against cell differentiation-specific markers. Mononuclear cells from human cord blood were sorted by using antibodies against surface antigens glycophorin A and CD34. Figure 1 shows the expression level of CAT1 in each cell fraction relative to that of non-fractionated MNC (whole) cells after normalization with respect to the expression of G3PDH. Since the expression of hCAT2 and hCAT3 was negligible in all cells, these results are not shown.
As can be seen in Figure 1 , hCAT1 was detected in all cell types and its expression was about 8 times higher in glycophorin A-positive cells than in non-fractionated MNC cells
Uptake Study of L-arginine by K562 cells Table 1 ). This is consistent with the findings of the mCAT1 knockout mouse study 6 . L-Arginine may influence erythroid maturation through a metabolite, such as nitric oxide or polyamines. Nitric oxide is produced from L-arginine, and RBCs possess nitric oxide synthase (NOS) activity 30 , while NO has a negative effect on hematopoiesis 31, 32 . On the other hand, polyamines, which are produced from L-ornithine through L-arginine, induce hemoglobin synthesis in murine erythroleukemia cells 33 . In contrast, there is a report that amino acid starvation induces differentiation through an amino acid response element like CHOP 34 , but this seems to be a different phenomenon not involving a transporter.
In conclusion, we have demonstrated that hCAT1 is involved in erythroid hematopoiesis through its role in importing L-arginine, which appears to be essential for the differentiation of red blood cells.
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